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SUMMRY

An investigationwas conductod on a full-scale air-cooled cyl- -
inder in order to establish an effective means of maintaining maximum-
econcmy s~ark timing with varying engine operating conditions.
Variabls fuel-air ratio runs were conducted in whioh relations were
determined between the spark timing and the basic factirs In en@ne

operation, flame-front travel, and cylinder pressure rise.

Data obtained in this investigation showed that maximum-economy
spark timi~ occurred when the crank angle of maximum rate oi’pressure
rise was 3° A.T.C. and that the crank angle of maxlruurnrate of pres-
sure ri~e and the travel of thg f’- ~ront were d~ectly rg~ted.
For fuel-air ratios between 0.06 and 0.10 the highest rate of flame
travel occurred when the crank angle of maximum rate of pressure rim
was 3° A.T.C.!.The previously mentioned relatlons are eigniflcant in
fuel or engine investigations in which engine operati~ variables
aiifectthe spark timing for maximum fuel economy.

An instrument for controlling spark timing was developed that
automatically maintained maximum-economy spark timing with vary:ng
engine operating conditions. The instrument also indicated the
occurrence of preignition.

INTRODUCTION

The main factors that are considered in the selection of the
spark timing for an engine are fuel economy and knock-limited p&+oz’?n-
ance. The maxinmmfuel-economy spark timing becczmesre”lativolymore
significant when the lmock-limlted performance of the fuel is
increased. Engines with a fixed spark timing are often operated
under conditions where a more advanced spark timing would give a
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con~idcws,bleimprovement in fuel economy. For this reason means of
varying the qark timing are sometimes used but even then the selection
of the ?)estspark timing with varying engine oyerating conditions is
a ~rublem.

In this investigation conducted at the NACA Cleveland laboratory,
relation~ between the spu?k timing end basic factors in engine opera--
tion (flame-front travel and cylinder presmre rise) wwo dct~rmined
in order to establish an effective means of maintaining maximum-economy
spmk timir@ with varying engine operatin goonditf.ow.

‘Theap.plioationof the findings in this investlBatlon affol’da
convenient means of a~tomatically maintaining mximun-economy spark
timing with varying engir~ operating ccmdi~imm. M auto~tic s~Pk-
timing-control inatrugmnt Is deecribed in the appendix. .-

~~ ANI-PROOEDURE

A full-wale air-cooled cylinder was used in the CUE setup
.

described in reference 1. The crank angle of maximum rate of pres-
sure rise or was measured on a diagram of tige ati~te of’ preSSWO i
chansse produced on an oscilloscope by the signal from a mc.gneto-
striction bock pickup in the cylinder head. Timiru3marks were
produced on the oscilloscope by means of electrical impulses &mer-
ated in a pair of coils mounted on a carriqge near the flywheel.
The COIIS had a couunonmagnetic circuit cotiprisedof soft tion cores,
a FO~ rrt-et, and an air gap. Steel lugs proJectiq=jfrom the
periphery of the flywheel passed through the air gap. The c.wrlago
for mounting the coils traveled on a segmeritof circular track, which
was concentric with the flywheel. A pointer on the carriego indicated
the eqvlar position of the coils relativeto engine top dead center.
Momwrement of 6r consisted in movl~ the carriage until a timirqj
mark coinuided with the peak on the oscllliscope diagram, which indi-
cated the maximum rate of pressure rise.

A spark-control instrument described in the appendix was used.
The spark timing was manually controlled in rune whero 9r was held
constant. Autcmattc control of spark timin~ was used in runs where
the crank amgle of pe,ss~e of’the flame front past an ionization gap
was hold constant.

The ionization gap cormisted of a spark pl.~gthat was ~d:.fled
by .extendi~ hhe electrodes to form a gap 05025 igch_i.deabout
five-etghths inch inside ‘&e combustion chamber. Whor.the ionlzo.tiGn
gap was used, the knock pickup was removed f~om the cylindcw heed and
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the modified spark ylug was mounted In its place. The hole for
mc!:ntfi~the knock pi.ckip ad the ionization gap was located in
front of the cylfnder midway betw6en the front spark plug and the
Intake valve.

The ignition syste?nfor the engine-was so connected that the
eet~s for the front and rear spark plugs operated on one set of
primary-circuit contact points. Therefore, the spark timing for
the front and rear spark ylugs was the SWZS.

A series of variable fuel-air ratio, constant air-flow runs
vas conducted with the spark timing manually adjusted to maintain
@r constu.ntat 3° B.T.C., 3° A.T.C., 11° A.T.C!.,and 15° A.T.C.
A seoond Beries of variable fuel-air ratio, coristantair-flow runs
was oonducted with the spark-timing-control instrument set to
maintain constant the crank an&le at which the flame front passed
the ionization gap. In the second series of runs, the instrument
was set to give the same spark timings at a fuel-ai% ratio of 0.085
as were found in the first series of runs.

RESULTS AND DISCUSSION

Data obtai~sd with spark timing manually control&d to maintain
various crank angles of maximum rate of pressure rise are shown in
figure l(a). Data ohtalned with automatically controlled spark timing
to ~l~e constant crank angle of passage of the flame front by the
ionizationgap are ~hown in figure l(b). The curves of figuzzesl(a)
and l(b) are the EISU. The matching of the data obtained in the two
series of rUIM ~h~-~sthat er is constant when the crank angle of
passage of the flare front by the ionization gap is consta@, This
result Rhows that a direct relation exists between $r =ld f~=”
front travel.

The rols.tionof indicated specific fuel consumption to f3r for
various fuel-air ratios are shown in figure 2. (Data were etirapol.ated
to include a fuel-air ratio of 0.04.) Lines of constant spark timing
are dtZO shown. obvious% spark timing must be ecivanoedto achieve
the lcw indicated s~ecij?j.c fuel Conswrqtiona that are p013Si-Dh3 with

very lean miy.tuzzes. Th6 (hh ~how that, for any fUel-alr ratfO,-
maximm-ecormny spe.z-ktiming occurs when 6r is 3° A.T.C. Bf3cauf3EI

the qark-timirig-control instrument ca,nmaintain 8r constant gt
5° A.T.C., the instrument can be used to maintain automatically
maximum-economy spark timing when engine operat:ng conditions are
varied. Thl.sautomatic control of s-parktim3ng oan be used to advan-
tage in conducting fuel or engine investigations.
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TwcIengine operati~ variables that @ve. a great effect on sp&rk
i?,m?,ngfor maximum fuel economy are (1) the de~ree cl?dilution of tlm
inccmi~~ c@rge by residual gases and (2) the u~e of internal caoknts
svch as water, These variables were not ihcluded in this in~egti~atioii;

h:xmver, data (reference Z) in which the relation of eti~us% pi’egaure
‘Join.lot-airyressur’ewas varied and unpublished data from irrTestl-
;;u~ion.swltkivarious watez”.-~uelratios show that the relation of
u~imum-econo’my spark thing to 81* of 3° A.T.C. iEIunaif’octodby
these two variables. Other date (reference 2] “shew”that“engine@eed,-
oompre8f3ior.ratio, and inlet-air temperature do not c&fect t.lm
rei.a%icn. Even when”operating with od.y one spark @LI~ flri~ tile

we rc.lationexisted.

The percentage increase in-fuel cohmimption when usin~ constant

syc-k timing or constant- er ccmq.arodto ‘o~erationat rw.xh.um-eoonomy
~~=ak timil~ (~r . 3° A.T.C.) are shown in figure 3. CXmstant qpa”k-
timi~ data show large mrtatloris in percentage increr.sein fuel
consumption over the minimu~ao%taimbla at each fuel-air ratio.
0pc3rationat canstant 9r _yesul.tsin an almost constant yorcent~~o
increase, For .examyle,during uperation with a Or of 11° A.T.O.j
the average pcrcent~e increase in fuel consumption wae abaut 2 parcont
(vrNies fm7J1.4t02.4 perccnt) ov~rlh remgoof fuel-d.rratiosfl

The spark-tiklng lines in.flfjuro2 gj~.wthat the tune Antervul
meaGurcd ?.ndegrees of cran’kehaft”rrotationImtwemn-the spark”timiqq
and ~ varied considerably. ??’h’lsvariation in tima (fig. 4)
indicates changes in rate of fwue-f~~nt Q’Qvel or rute al combustion
because there is a di~oct relaticn between ~ and fle.me-~’ro~t
kcation.

For each fuel-air ratio a s~urk timi~ exists that gives th~
maximum rate & combustion as indicntod by the minimum t~me from
s],mriitiming to er. The coincidence of this spazzktiming for max!.mum
ratw & combustionwfth the maxj.mnm-econotispark timi~” (Or = 3° A.T.C.)
for m.~stof ths rango of fue-&air ratios (0.06 to 0.10) is significant. --
Z.WJcombi~md effe@ of maximum rate of codmstlon and props timir~ d

~rossme M.se appears ta give max:mum fuel monomy. These results are

cormistent IrlththeOZ’yin that maximum power should result with oor--
stant volume bm’ntng at top dead center.
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TIM advance of the maximum-economy spark tim~n~ ~or lean mlxtuuo~
(below 0.06) beyond the spark timing f~i+~itin~ti~ from spark to
fly is prcbably due to slow burnira during initial stages of COmhUG-
‘Lioncaused by the Low d~gree of ccqwessi.on of the charg~,
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APPLICATIOITOF RIHJLT6 TO

5

MULTICYWIDER-ENGIIW OPERAmm

T~C ~tho~~ for ~u-tt~lly controlling tho spark titillg~0
maintain constant ~r as described for a simqle-cylinder engine
PQ he applied ta nulticylindor engines. -tostriction knock
~ickups in the cylinder hoade of a multicylindor engine, for efipl”e,
ccmld ho used ~t only to indicate when L=ck occurs but also to
trigger an instrument for.automatically controlling ‘9r. Then
raximum-economy spark timing could be automatically maintained when
tko fuel-air ratio or othor engine operating conditions am varied.
In ~ddttion, thCISP= inst~~ntiticn oould aC%Uate a Warnir# sfti~l
+W indj.~tc tho occurrenoo of prc?tgnition.

CONCLUS1OES

and cyli~.dcrpressuro rise.

1. Maxumnn-ecori.omyspark ti~~~~ occurred
maximm rato of pressure rim was 3° A.T.C.

2. Maximum rate of’prossuro riso and the
front woro directly related.

wbon the crank an@o cf

travel of the flemo

5. For fuel-uir ratios lmtwoen 0.06 and 0.10, the highest rah
or flzmm travel occumed when the crank anglo OJ?maximum rato of.pres-
sure rise vaa 3° A.T.C.
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4. An instrument fo~.controlling spark tfming was developed that
automatically maintained maximum-economy spark timing with varying
engine o~erating conditions and indicate& the occurrence of preignition.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohi~, November 22, 1946.
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lwPENDIx - DEXXIPTION OF SPARK-TIMING-CONTROL INST!RU?fENT

The automatio spark-timing contrcl (fig. 5) consists of two .pmsts:
the control unit, which contains the trigger circuit and ampl~ier,
and the servo unit, which cantains the magneta-breaker plato driven by
a moto~, a position transmittal’,and linit switches.

Tke breaker plate Is removed from the magneto and mounted on a
shaft, which is alined with the”magneto camshaft but is not c&pled
tc it. The shaft on which the breaker plate is mounted is driven by”
a tiwo-yha~einductton motor through a worm gear and wheel with a
reduction ratio of 100:1. The position transmitter is driven directly
from the motor shaft through a spur gear with an over-all reduction
ratio of 6:1. An arm on the breaker-plate shaf% actuates limit
switchfisat both extremes of travel of the breaker plate. The servo
unit is bolted to the under side of the magneto mounting pad.

One phase of the motor is energized directly from a 110-volt
altcwnating-curremt ltne. The second phase is energized by the output
Cjf a st~d~d m~ercfal ~plfffer, which utilizes a vibrator to
convert a direct-current input signal.to alternating current before
amplification. A selector switch determines which of two av.ailchle
signals (manual or automatic) is to be fed to the amplifier. Both
input signals are of the order of 10 millivolts direct current.
A fixed “bucking” voltage CM’the same order of qnit).tde, that is,
10 millivolts opposes the input signal. When the input signal equals
the bucking voltage, the amplifier output is zero;
motor is at rest and the system is at balance.

Manual control of spark timing is achieved by
manually controlled battery voltage above or below
level until tho desired spark timing is reached.

Automatic control of spark timh? is achieved

therefore, the

varyhg t-he
the bucki~-voltage

thyratron trigger circuit. ‘The circu;t (fig. 6) co=iste essentially
of a vacuum tube (6J5, tri.ode)in series with a thynrtron (954). The
tk=atron is shunted with a 52,000-ohm resistor, which completes the
series circuit through the triode when the thyratron is extinguished.
In nozmal operation the t@ratron Is biaged below its firing potnt,.
During the time of passage of the flame front, the ionlza’tiongap fn
the oombuetion chamber break’sdown and ap@.ies a positive firing
voltage on the grid of the tlqccatronallwing the t~atron to ~nduct
c,arer.t. An engine-driven switch set to close momentarily at about
liJ@OA.T.C, applies a negative impulse to the grid of the triode
driving it to cut-off, which breeks the
thyratron. The triode cunducts current.
opens and the circuit returns t~ normal

circuit and etiingui@es the
&s soon as the biasing switch
operation.
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Sacmeaslve firi~
sqi.uxro-wavevoltage of

..?]Mm cathode circuit

lfACATH No. 12.17

and extinguishing of.the thyratroriprodu~~s a
constant amplitude across a 10)OOO-ohm resistor
of the th.watron. tie Lmuzth of time durinR

which the thyratrcn c.onductmcm~ent depend~ upon-the point at whial
!.ils fired by the ionization gap; therefore, the widtthof the peitive
z>or+jionof the cycle is a function of the position of the maXiZUIMrate
~,fpressure rise. The direct curi’entthat>results from filtering the
direct-currelitsquare wave is “We seccmd of the two signals that my
be fed into the amplifiers.

The input polarity and the direction of rotation of the motor am
such that as the ionization gap tmd~ to break dom”somcn?, the Srfirk
is retarded until the point of ma:tjmm rate of pressure rise returns
to its original ~osition and the system is rebalanced. “C.onversel.y,as “-
the flz~tend~ to lmeak down later, the a~k is advanced until balanco
is restored.

Ltmit ewitche~ so open the plate-circuit of the proyor pcruerout-
put tube of the amplifier that motor travel in either direction is
restricted but the motor cm reverse and travel in the opposite

+

direction. !l?.hesolimit switches also control warning lights on the
instrument panel. The warn3mg light, which shows that the spc,rktining
is fully retarded, can be used to indicate preignition of the engine.

h.

The functioning of the instrument as a preignition indicator is
possible Uecause when preignition occurs the crank anglo of~hnun
rate CJfpressure rim Or is advnnced considerably and tho spmk
tird~ no longer controls the tine of combustion, The fnetrumsnt fur
controlling tho spark timing therefore acts to retard the symk and
proceeds ‘t the limit of its travel. The reaching of this limit is
indicated by the warning signal (a light numkod “preignition” on the
Inwtrlment, fig. 5).

Spark timing is shown on the instrument Panel by the position
indicator, which is electrically driven by the position transmitter
~eared to the motor shaft.

@riCinally the thyratron was t~ be triggered by the output of
a ??m~netostriction-tj~eknock pickup, howevel’,this method was not
used beta.uscit nocessi.tateduse of an additional anplifior. If the
knock ptckup were used, the ins+a?~mxm.twould be dirootl~ con+,ro~ll.ad
by the crank angle of maximum rate of pres,surcrise.

.
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A COMmOrC[al ampllfier with vibrator that converts direct-currant Input signal to
alternating current

G Ionization gap In combuatlon chamber
r Ind[cator lpoeitlon transmlttar)
M Two-phaae induction motor designed to operate with commercial amplif!er
o Terminals for oacllloecope (used for teatlng operation of instrument)

switches -

s} Power to transformer

Slf Grid baale voltage for

S2 Powerto ampllfierand

S2‘ Bridge clrcult, second

S3 Power to indicator and

S3’ Bridge circuit, second

s, Selector for automatic

thy raton [8841. sacond clrcult of double-pole switch

motor

clrcult of double-pole switch

s,’

circuit of doubla-pole switch

or manual control of apark timing

s~ Engine-driven switch sat to close momentarily at approximately 100° A.T.C.

S6 Limit switch for maximum epark advanca

S7 Limit ●witch for minimum epark advance (indicates occurrence of preignltionl

Figure 6. - Electrical circuit for spark-timing-control
instrument.
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